The brain's response to somatosensory stimuli is essential to experience-driven learning in children. It was hypothesized that advances in event-related potential technology could quantify the response to touch in somatosensory cortices and characterize the responses of hemiparetic children. In this prospective study of 8 children (5-8 years old) with hemiparetic cerebral palsy, both event-related potential responses to sham or air puff trials and standard functional assessments were used. Event-related potential technology consistently measured signals reflecting activity in the primary and secondary somatosensory cortices as well as complex cognitive processing of touch. Participants showed typical early responses but less efficient perceptual processes. Significant differences between affected and unaffected extremities correlated with sensorimotor testing, stereognosis, and 2-point discrimination (r > 0.800 and P ¼ .001 for all). For the first time, a novel event-related potential paradigm shows that hemiparetic children have slower and less efficient tactile cortical perception in their affected extremities.
The perception of tactile stimuli in the human cortex is essential to the function of many systems involved in neurodevelopment. Early learning in infants is driven in large part by somatosensory inputs. More complex neural processes in childhood emerge from basic sensory experience. [1] [2] [3] [4] Conversely, abnormal sensory perception can result in altered cognitive, communicative, and motor development, [5] [6] [7] highlighting the need for objective measurements of sensory experience in young children. Although auditory and visual stimuli have been successfully studied, touch has proven more difficult to characterize. Developing tools to quantitatively assess the cortical processing of tactile stimuli will facilitate the evaluation of neurorehabilitative strategies in children with deficits involving the somatosensory cortex.
Recent studies addressing somatosensory perception have primarily used neuroimaging. In particular, functional magnetic resonance imaging (fMRI) has added to our understanding of the brain structures responding to tactile stimulation. [8] [9] [10] [11] However, imaging modalities such as fMRI are limited in their ability to characterize the timing and evolution of responses; activation of various touch receptors in distal extremities generates cortical signals in less than 1 second, well under the temporal resolution of most fMRI technology. 12 The need exists for methods that can measure both the temporal and quantitative characteristics of the cortical responses to touch. Additionally, to be of use in populations of vulnerable children or infants, such methods must fulfill special requirements: easy administration, high reproducibility, and lack of discomfort.
Measurement of event-related potential, or time-locked electroencephalography (EEG), offers one approach to characterization of cortical signals by time and amplitude in response to stimuli by providing information on the strength and speed of electrical signals traveling through the brain. 13 Modern improvements to evoked potential measurements offer a technology that is noninvasive, rapidly administered, and sensitive to stimulus differences in a range of modalities. 14 Our first goal was to develop a new paradigm for evaluating cortical responses to light touch in children. We hypothesized that event-related potential technology would allow us to differentiate normal and altered patterns of tactile perception in children with hemiparetic cerebral palsy and that these results would relate to neurobehavioral function.
Methods
The proof-of-concept study population consisted of 8 children between the ages of 6 and 8 years with a diagnosis of hemiparetic cerebral palsy who were participating in a constraint-induced movement therapy camp in the Department of Pediatric Rehabilitation at Vanderbilt University Medical Center. Criteria for entry into the camp were a minimum age equivalent of 60 months on the Ages and Stages Questionnaire in communication, problem solving, and social emotional domains. Cerebral palsy was classified according to published definitions 15 and diagnosed by specialists in the pediatric neurology and the spasticity clinics at Vanderbilt. Functionality was graded according to the Gross Motor Function Classification Scale. 16 Patient characteristics are described in Table 1 . Patients all had a diagnosis of hemiparetic cerebral palsy, with a Gross Motor Classification score of 1 corresponding to high functionality. For all patients, there was either no impairment of finger extension or an impairment in a Zancolli I pattern 17 (complete extension of the fingers or less than 20 of flexion with the wrist in neutral position). The affected side of hemiparesis was corroborated with the presence of a lesion on the contralateral side on neuroimaging, as documented by pediatric radiologists in the medical record. A majority of patients (5/8) had lesions consistent with sequelae of prematurity such as intraventricular hemorrhage and periventricular leukomalacia.
Procedure
Tactile stimulation approximating light touch was delivered by means of air puffs emanating from a 1-mm nozzle positioned 0.5 cm below the tip of the index finger of the affected or unaffected hand. To ensure consistent distance from the nozzle to the finger across trials and across participants, the finger was placed in a mold holder and secured with Velcro tape. A researcher seated next to the child confirmed that proper finger position was maintained throughout the procedure. During each trial the E-Prime stimulus control application (v. 2.0, PST, Inc., Pittsburgh, Pennsylvania) sent 1 of 2 serial commands identifying a real puff or sham puff to a microcontroller (Arduino Uno, Smart Projects Snc, Scarmagno, Italy). The microcontroller then generated a 20-ms transistor-transistor logic (TTL) pulse to the corresponding digital output channel, split into 2 lines for digital input to the EEG recording system or to solenoid-gated air valves. The opening of both valves was marked in real-time in the EEG data stream. The valve inputs had a constant pressure of 40 psi supplied via compressor. The valve outputs had 4 ft of soft plastic tubing carrying air to both nozzles. To calculate force exerted, we measured the nozzle diameters and nozzle psi with a manometer (6 00 0-60 psi, accuracy +0.3 psi; Trerice, Oak Park, Michigan). Applying the formula F(N) ¼ Pressure Â Area, we found that the force exerted from a 1-mm radius nozzle at 6 psi yielded F(N) ¼ 0.03 lb. For comparison, this is equivalent to the force exerted by monofilaments used to evaluate loss of light touch sensation in patients with diabetic neuropathy. Using an oscilloscope and a microphone we also compared TTL pulse onset to air nozzle puff onset. The pulse to puff latency for both real and sham was 12 ms and was adjusted for post recording.
For each hand, 60 puff stimuli were presented in random order interspersed with 60 sham trials (an air puff delivered via a separate nozzle pointed away from the finger). To prevent habituation, no more than 2 repetitions of a puff or sham could occur in a row, and intertrial interval varied randomly between 2000 and 2500 ms. Each sequence of 120 trials lasted between 4.5 and 5 minutes.
To ensure children's cooperation, air puffs were described as bubbles blown by fish in a fish tank (a decorated box concealing the puffer apparatus). Children were asked to guess whether each bubble was delivered by a blue or a red fish, but no responses were required during or after the task.
Event-Related Potential Acquisition
A high-density array net of 128 Ag/AgCl electrodes embedded in soft sponges (Geodesic Sensor Net, EGI, Inc., Eugene, Oregon) was used to record event-related potentials. Electrode impedance levels were adjusted to below 40 kO. Data were sampled at 1000 Hz with filters set to 0.1 to 400 Hz. During data collection, all electrodes were referred to Cz (re-referenced offline to an average reference). Recording of the brainwaves was controlled by Net Station software (v. 4.2; EGI, Inc.).
Event-Related Potential Analysis
Individual event-related potentials were derived by filtering the recorded data with a 0.3-to 40-Hz band pass filter and segmenting the ongoing EEG on stimulus (puff or sham) onset to include a 200ms prestimulus baseline and a 700-ms poststimulus interval. Resulting segments were screened for motor and ocular artifacts using computer algorithms included in NetStation and then followed by a manual review. The automated screening criteria were set as follows: for the eye channels, voltage in excess of 140 mV was interpreted as an eye blink and voltage above 55 mV was considered to reflect eye movements. Any channel with voltage exceeding 200 mV was considered of poor quality. If more than 15 channels were considered of poor quality, the entire trial was discarded. Data from trials contaminated with eye blinks or eye movements were corrected using ocular artifact correction tool in NetStation. For motor and ocular artifact-free trials, data from poor quality channels were reconstructed using spherical spline interpolation procedures.
Next, event-related potentials were averaged, re-referenced to an average reference, and baseline-corrected. For a data set to be included in the statistical analyses, individual condition averages had to be based on a minimum of 10 trials. Trial retention rates were similar across stimulus conditions (affected hand: M puff ¼ 23. 13 In line with prior studies, only data from electrodes overlapping C3/C4, F3/F4, and F7/F8 locations ( Figure 1 ) were included the statistical analyses. Using the NetStation statistical extraction tool, we obtained mean amplitude and peak latency measures for P50 (30-80 ms), N70 (50-100 ms), P100 (80-150 ms), N140 (130-230 ms), and P2 (250-350 ms) peaks. These data were derived for each selected electrode and then averaged within each cluster. Latency windows were determined based on the intervals used in prior studies and on the examination of the grand-averaged waveform. Separate repeatedmeasures analyses of variance with Stimulus (2: puff, sham) Â Stimulation Side (2: affected, unaffected) Â Electrode (3: C3/4, F3/4, F7/8) Â Hemisphere (2: ipsilateral, contralateral to stimulation) withinsubject factors and Huynh-Feldt correction were conducted for mean amplitude and latency measures.
Because of experimenter error, data for the unaffected hand of 1 participant were sampled at 250 Hz instead of 1000 Hz and therefore are treated as missing data in the analyses described below. Including these data in the analyses, however, did not alter the findings.
Neurobehavioral Testing
The Quality of Upper Extremity Skills Test is a criterion-referenced quantitative measure of the quality of upper extremity movements completed by an occupational therapist and scored in domains of dissociated movement, grasp, protective extension, and weight bearing. 18 Two-point discrimination was performed according to the methods validated by Klingels et al 19 on the index finger of each hand and scored in millimeters, also reporting the difference between the affected and unaffected hand. Stereognosis was tested in the affected extremity using 6 object-pairs within the child's familiar repertoire. Grip strength was tested using a calibrated Jamar dynamometer (Fabrication Enterprises, Inc., White Plains, New York). With the child sitting, arm adducted and elbow flexed at 90 , the mean of 3 voluntary contractions was recorded in each hand. The ratio of affected to unaffected hand was calculated to normalize for age. 19 
Results

Validation of the Puff vs Sham Model
The sham is an air puff directed away from the subject's hand, allowing the sound of the air puff to be perceived. Auditory stimuli elicit cortical responses prior to 100 ms, consistent with the results of our paradigm. As can be seen in Figure 2 , the sham trials produced low-amplitude responses under all conditions, and any effects were visible by 100 ms after stimulus onset. Specifically, analysis of P50 peak amplitude showed that there is a measurable difference between sham and air puff (Stimulus Â Electrode Â Hemisphere, F 2,12 ¼ 7.850, P ¼ .010, partial Z 2 ¼ 0.558). In particular, hemisphere differences were elicited by puff trials at central electrodes (ipsilateral < contralateral); (t 6 ¼ 3.710, P ¼ .010), whereas there were no hemisphere differences for the sham trials. Similarly, hemisphere differences in N70 amplitude were present for puff trials at central electrodes (t 6 ¼ 4.322, P ¼ .005), whereas there were no hemisphere differences for the sham trials. Furthermore, the amplitude of the N70 peak was greater for puff trials than sham trials over the central electrodes ipsilateral to stimulation, t 6 ¼ 2.522, P ¼ .045 (Stimulus Â Electrode Â Hemisphere, F 2,12 ¼ 6.649, P ¼ .011, partial Z 2 ¼ 0.526). A main effect of air puff vs sham also demonstrated that P100 amplitude was more negative for puff than sham trials (Stimulus, F 1,6 ¼ 5.854, P ¼ .052, partial Z 2 ¼ 0.494). Finally, an interaction of Stimulus Â Electrode (F 2,12 ¼ 9.663, P ¼ .004, partial Z 2 ¼ 0.617) indicated that a more negative N140 peak was recorded for puff than sham trials at central electrodes (t 6 ¼ 3.989, P ¼ .007), whereas the direction of stimulus differences was reversed at frontal (F3/4) locations (t 6 ¼ .3.927, P ¼ .008). Therefore, puff and sham trials elicit different brain responses within the first 140 ms after stimulus onset.
Differences in Cortical Responses to Puff Trials Between Affected and Unaffected Hand
Early Response (P50, N70, P100 Peaks). There were no significant main effects or interactions involving the side of stimulation for amplitude or latency measures for P50, N70, or P100 peaks, indicating no detectable cortical activity differences for puffs delivered to the affected and unaffected hand. However, as described above, the pattern of event-related potentials to puff stimuli varied across the 2 hemispheres. Compared with the contralateral hemiscalp sites, activity recorded over the hemisphere ipsilateral to the stimulated hand was associated with smaller P50 and larger N70 responses at central electrode locations. These patterns of the early cortical response to a somatosensory stimulus are consistent with documented responses to median nerve stimulation in normal subjects and could be attributed to activity in the primary sensory cortex 18 (Figure 3 ).
Secondary Responses (N140 Peak). N140 amplitude was larger (more negative) for stimulation of the affected than for the unaffected hand as reflected by the main effect of side in the analysis (F 1,6 ¼ 7.281, P ¼ .036, partial Z 2 ¼ 0.548). However, there were no significant main effects or interactions involving stimulation side for N140 latency.
Late Responses (P2) P2 Amplitude. Air puff stimulation of the affected hand resulted in larger contralateral than ipsilateral P2 peak (side, F 1,6 ¼ 5.688, P ¼ .054, partial Z 2 ¼ 0.487; t 7 ¼ 2.384, P ¼ .049). There were no significant amplitude differences in the cortical signal on stimulation of the unaffected hand. Furthermore, the P2 elicited by stimulation of the affected hand was smaller than that of the unaffected hand in the ipsilateral hemisphere (t 6 ¼ 2.420, P ¼ .052). The opposite direction of differences was observed for the contralateral hemisphere (t 6 ¼ 2.514, P ¼ .046). In summary, the ipsilateral P2 is smaller for the affected than for the unaffected hand, whereas the contralateral P2 is larger for the affected hand than for the unaffected hand.
P2 latency. Stimulation of the affected hand results in longer latency for the ipsilateral than contralateral P200 response (Side Â Hemisphere interaction, F 1,6 ¼ 18.997, P ¼ .005, partial Z 2 ¼ 0.760; t 6 ¼ 2.271, P ¼ .064). Table 2 illustrates the functional characteristics of the patient population as well as the significant correlations with event-related potential measures. The amplitude of the N140 peak on the contralateral side to stimulation correlated negatively with the difference in 2-point discrimination between affected and unaffected side (r ¼ -0.818, P ¼ .01). This indicated that as the difference in tactile perception between the affected and unaffected side increased, the N140 on the side contralateral to the stimulation increased (became more negative). Similarly as with grip, the more difference between the 2 hands, the larger the N140 peak (r ¼ 0.826, P ¼ .01): the grip ratio became smaller (more difference between the 2 hands) as the N140 peak became more negative (larger since the peak is in a negative direction). More complex neurobehavioral measures such as the QUEST and stereognosis correlated with findings in the P2 latency (r ¼ -0.868 and r ¼ -0.832 respectively, P ¼ .01 for both), as better scores were associated with shorter latencies for the unaffected hand. 
Correlations of Cortical Responses With Neurobehavioral and Neurosensory Functional Assessments
Discussion
This study establishes the first standardized paradigm for measurement of cortical responses to light touch in children using current event-related potential technology. Our results are consistent with established literature on cortical responses to electrical or mechanical stimulation of fingers during a perceptual discrimination task. [20] [21] [22] [23] The 3 main time frames of the tactile cortical response described in adult studies can be observed in our pediatric population (see Table 3 ). The first processing stage, represented by P50 and N70 peaks, reflected activity in the primary sensory cortex. 24 These responses typically do not require awareness of stimulation but may be modulated by gaze to or vision of stimulated limb or site. [25] [26] [27] [28] In our population of children with cerebral palsy, there were no observable differences between affected and unaffected hand in the responses attributable to the primary sensory cortex. As in other studies, the ipsilateral response is larger than the contralateral response.
Our paradigm is also the first to compare a sham control to a tactile stimulus for P50 and N70. The importance of not requiring a discrimination task to obtain a stimulus-specific response in the primary somatosensory cortex lies in the application of the paradigm in noncooperative study populations. Additionally, the use of light touch instead of electrical or mechanical stimulation alleviates the methodological and ethical concerns of activating nociceptive receptors. [29] [30] [31] Air puff vs sham puff stimulation can be comfortably and easily used across most pediatric populations, even in infants or other nonverbal vulnerable subjects.
A novel finding for children with hemiparetic cerebral palsy is that tactile stimulation of the hand on the affected side results in a larger N140 than on the unaffected side. The N140 peak reflects activity in the secondary sensory cortex. 32, 33 This response corresponds to conscious awareness of stimulation. 34 Activity in the secondary sensory cortex may be modulated by attention to stimulation, with some studies suggesting associations with the frontoparietal attentional network. 3 Our results suggest that young children with hemiparetic cerebral palsy may have similar generation of neural signals in the secondary sensory cortex as adults with stroke upon tactile stimulation of their affected extremities. It has been postulated that the N140 peak in patients with stroke is a larger, more discrete peak because spared neurons are relatively more synchronously and focally activated in response to tactile stimulation. Normal agematched adult controls exhibited more diffuse, lower amplitude N140 peaks due to more widely distributed activation. 36 The most interesting finding in children with cerebral palsy is that signals resulting from the stimulation of the affected hand take longer to produce a P2 peak on the ipsilateral than on the contralateral side. Furthermore, this ipsilateral P2 peak is smaller in amplitude than when the unaffected hand is stimulated. The P2 (also referred to as P3 or P300 in some studies) reflects early contributions of cognitive processes related to sensory stimulation. This peak is thought to reflect subjective attention to stimulation, possible involuntary orienting to strong stimuli. 30, 34 In concrete terms, whereas N140 corresponds to ''something has touched me,'' P2 reflects a more specific idea ''an air puff touched my index finger.'' The finding that children with cerebral palsy have differences in the laterality of their P2 in response to light touch suggests altered connectivity between ipsilateral and contralateral sides of the cortex involved in higher order sensory perception. Finally, correlations between event-related potential measures and neurobehavioral and neurosensory functional assessments confirm this altered connectivity in sensory perception. Children with less asymmetry in their grip strength and less difference in 2-point discrimination between their 2 hands also showed smaller N140 peaks. This is again consistent with findings showing a more diffuse, smaller amplitude peak in normal subjects compared with stroke patients, especially if these stroke patients had received somatosensory training. 36 In our study, better hand function in a child with a unilateral lesion also correlated with a smaller N140. More complex functions such as those tested in the QUEST and stereognosis tasks involve not only somatosensory perception but also motor and cognitive processes. It is therefore reassuring to note that better performance on these tests correlated well with decreased latency of the P2 peaks. Children with better function of their affected hand were those with faster complex processing of light touch in their affected extremity.
In summary, this study demonstrates that event-related potentials in response to light touch can be used to characterize cortical responses in children, in both affected and unaffected extremities, without the need for participation in uncomfortable or active discrimination paradigms. Our paradigm has the potential to be used by others in studies evaluating not only somatosensory perception but also rehabilitative interventions. We will use this paradigm to study the longer term effects of constraint-induced movement therapy on the tactile response in our study group. Future research using this tool can also incorporate participants from newborns to older children in multiple settings due to the portability of event-related potential technology and in combination with other established event-related potential paradigms.
